Protein 3a is a 274 amino acid polytopic channel protein with three putative transmembrane domains 
INTRODUCTION
T he synthesis of a membrane protein is literally done in a "densely packed environment." Starting from the ribosomal mantle the developing amino acid chain is transferred via the translocon into the lipid membrane. Within these confined environments the extramembrane parts of the protein is folded and the protein as a monomer is released. In the case of ion channels the monomers need to meet other monomers to finally adopt a quaternary fold in an either homo-or hetero oligomeric assembly. There is not very much information about how this last step is achieved, but it is envisaged that a diffusion driven movement within the lipid membrane is required to find the "mates" and to form a channel. With this in mind, the question arises whether the TMDs of a polytopic membrane protein would be able to self-assemble on it's own without the help of a translocon machinery? Also, would self-assembly allow generating higher structural order? Knowing the answers to the latter question would allow the manufacturing of complex biomolecules or design novel folds. 1, 2 A key feature in manufacturing proteins and peptides is the knowledge about the role of individual amino acids in the mechanism of function of the final protein [3] [4] [5] and how self-assembly works and can be manipulated accordingly. 1, 6 Man-made production of proteins usually starts in a "noncrowded" environment compared to the assembly in the cell. Protein or peptides and the lipids are simply mixed and left to assemble according to the environmental conditions. These conditions may not reflect those conditions within the living cell.
The concept of using TMD fragments of a protein, especially from viral channel forming proteins, have already led to a series of valuable information on the function (e.g. Refs. 7-9) and structure [9] [10] [11] [12] [13] [14] of these proteins (reviewed in Ref. 15 ). Up to now, these investigations include bitopic and polytopic membrane proteins. Investigations have been done to decide whether TMD fragments are involved in channel activity and with this whether they are potentially pore lining. The origin of the investigations mentioned lie in studies with TMD fragments of more complex cellular ion channels. It had been shown that the pore lining M2 segment of the d-subunit of the nicotinic acetylcholine receptor 16 and the pore forming region of a potassium channel also express channel activity. 17 For a review about studies with these peptides see
Ref.
18. Information about a gradual build-up of channels by reconstituting individual TMDs of a subunit simultaneously into a lipid bilayer has not been reported for polytopic channel proteins yet.
In this study, the channel forming protein 3a from severe acute respiratory syndrome coronavirus (SARS-CoV) 19 is used to investigate the role of the individual TMDs in the mechanism of function of the channel and to probe in as much as these domains are able to self-assemble into a functional pore. The 3a protein is a 274 amino acid protein which forms a homo tetrameric potassium sensitive ion channel assembly. 20 The protein is also part of a series of auxiliary proteins encoded by this virus. 21 It is the largest viral channel forming protein found to date. 15 Lowering the level of 3a expression in FRhK-4 cells with siRNA when infected with SARS-CoV, leads to a reduced release of new virus particles. The protein is also involved in the upregulation of the expression of fibrinogen in human lung epithelial cell lines 22 and activation of the nuclear factor kappa B (NFjB). 23 3a is proposed to harbor three helical TMDs. 20, 24 In a computational approach first structural models of the monomer and the tetrameric channel are proposed. 24, 25 Depending on the route of assembly, either the second (TMD2) or the third TMD (TMD3) is proposed to line the putative pore. Experimental data on the structure of the protein in any form is still lacking. Emodin, a plant derived drug, is proposed to inhibit channel activity of 3a.
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Peptides corresponding to the proposed TMDs are synthesized and reconstituted into artificial lipid bilayer (see also Refs. 27, 28) . The TMDs are either investigated individually or in a series of mixtures to assess their contribution forming the lumen of the pore. Full length protein 3a is expressed in Escherichia coli, purified and also reconstituted into lipid bilayers to investigate biophysical characteristics such as ion selectivity and gating kinetics.
MATERIALS AND METHODS

Peptide Synthesis
The following sequences of the individual TMDs of 3a 20 ) and a water/acetonitrile system (Buffer A: 0.2% TFA in water, Buffer B: 0.2% TFA in water:acetonitrile, 1:4). The peptides TMD1 and TMD2 were purified by washing with Acetonitril and MeOH, because of the bad solubility of the peptides. The purified peptides were dried by lyophilization and characterized by analytical HPLC and mass spec analysis.
Protein Expression and Purification
For expression of N-terminally tagged GST (glutathione S-transferase) full length 3A protein a pGEX-vector containing the gene for 3A was transformed into E. coli strain BL21 (DE3) Rosetta. 20 A single colony was used to inoculate a 50 ml preculture (LB/Ampicillin) incubated at 37 C with 300 rpm over-night. The Escherichia coli cells of the overnight culture were used to start 1 l expression culture with an OD 600 of 0.1 at 37 C. When cell density reached OD 600 5 0.6-0.8, protein expression was induced by 1 mM IPTG (isopropyl-b-D-1-thiogalactopyranoside) at 25 C for 16-18 h. The 3A protein containing E. coli cell pellets were resuspended in 1 3 PBS (phosphate buffer saline, pH 7.4) solution, 10 mM b-mercaptoethanol, ethylenediaminetetraacetatic acid (EDTA) with 1% (w/v) Fos-choline 12 and then disrupted by sonication. After sonication, the cell lysate was shaken at room temperature for 30 min and then centrifuged with 14,000g at 4 C for at least 30 min. The clarified supernatant was loaded on a glutathione sepharose 4B column to separate the GST-3A fusion protein from the E. coli proteins. The column was washed with the 20fold column volume of the above described PBS buffer. Then, the purified GST-3A fusion protein was eluted with 30 mM reduced glutathione in 50 mM Tris pH 8. The stock solution used for bilayer recordings approximately contains 0.1-0.2 mg ml 21 protein (based on a comparison with the concentration of the marker on the gel).
Bilayer Recordings and Data Analysis
Lipid bilayers (POPE : DOPC) were prepared as a 1 : 4 mixture of 5 mg ml 21 of POPE (1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine) and DOPC (1,2-dioleoyl-sn-glycero-3-phosphocholine),
Assembling an Ion Channel: ORF 3a from SARS-CoVrespectively, and dissolved in chloroform. The solution was dried under N 2 and resuspended in a 9 : 1 mixture of hexane and decane, respectively. A volume of 20 ml was added onto a delrin cup aperture of about 150 mm and dried under N 2 . In a consecutive step 3 ml from a stock solution of peptide [1 mg dissolved in 1 ml trifluorethanol (TFE)] were added to the delrin cup and dried under N 2 . The delrin cup was then inserted to the cup-holder and both reservoirs were filled with 1 ml of buffer (500 mM KCl, 5 mM HEPES, pH 7.2). The lipid/peptide mixture was "painted" with a brush across the aperture under a constant voltage of 80 mV to support directed insertion into the bilayer. 28 For measuring, the effect of calcium on the conductance a 500 mM CaCl 2 buffer (5 mM HEPES, pH 7.2) was used. Selectivity was conducted under 500 mM : 50 mM buffer conditions (cis : trans) for potassium ions. All peptide mixtures were prepared in equal portions of each of the peptides dissolved in TFE (weight ratio). The purified protein was added to the delrin cup which was pretreated with lipids as mentioned.
Experimental data were recorded at room temperature with a Planar Lipid Bilayer Workstation from Warner Instruments using a BC-353 amplifier and 1440A data acquisition system. Records were recorded at 5 kHz and filtered with 10 Hz using a Bessel-8-pole low pass filter.
Calculation of the permeability ratio of the monovalent ions was done based on the constant field approach using the Goldmann-Hodkin-Katz (GHK) equation (29, 30 , see also Ref. 31):
with R 5 8.13 J mol 21 K
21
, F 5 96,485 J mol 21 V
, and T 5 298 K.
RESULTS
Channel Recording of the Individual TMDs of 3a and Various Mixtures
Peptides corresponding to each of the three TMDs of 3a are reconstituted into artificial lipid bilayers either individually or as mixtures. Reconstitution of TMD1 does not result in any channel activity ( Figure 1A, left panel) . Current traces for TMD2 show irregular recording patterns in respect to duration and height ( Figure 1A , middle panel). Recordings at a holding potential of 170 mV allow the identification of currents of about 24 pS. Channel recordings with TMD3 solely inserted into the artificial membrane exhibit similar traces as found for TMD2 (Figure A1, middle panel) . Occasional 'openings' allow for conductance of 62 pS (240 mV) and 73 pS (180 mV).
In a 1 : 1 mixture of the individual TMDs, the following pattern is observed ( Figure 1B Figure  1B , middle panel). Conductivity across the membrane is found at 150 mV and at higher values for a TMD21TMD3 mixture ( Figure 1B, right panel) . At a holding potential of 650 mV, conductance levels of 8, 17, and 33 pS are observed. Channel recordings of the 1 : 1 : 1 mixture of all three TMDs perturbs the membrane so that still irregular shaped conductance patterns appear for which levels of about 20 pS occur (160 mV), but also longer lasting openings of e.g., 200 pS at 640 mV ( Figure 1C) .
The results from the investigations of the individual TMDs can be summarized as following. It is most likely that TMD1 itself is not membrane active. TMD2 and TMD3 both exhibit channel like patterns when individually reconstituted into lipid membranes. In dual mixtures TMD1 1 TMD2 do not generate relevant activity. TM1 1 TMD3 and TMD2 1 TMD3 allow for channel like patterns, with the latter mixture being most channel-like based on a series of conductance levels observed. A triple mixture most likely generates pores with large conductance.
Channel Recording of Full Length 3a Protein
Reconstitution of full length 3a into an artificial lipid bilayer mixture and recorded under potassium ion containing buffer at a series of holding potentials, reveals specific conductance levels at all voltages (Figure 2A ). Recordings with a Ca-ion containing buffer also show distinct conductance patterns which, in comparison, to the recordings with K-buffer, identify similar opening patterns ( Figure 2B ). For both buffers recordings below a holding potential of about 160 to 150 mV cannot be identified. Conductance levels of 3.9, 6.1, and 12.2 pS are calculated from a histogram analysis for the recordings with K-buffer at 1120 mV ( Figure 3A) . Two levels of around 58 and 10 pS at 1100 mV are identified for traces recorded with Ca-buffer ( Figure 3B ). Plotting I/V relationship of conductance states (see arrows in Figure 3 ) from selected traces FIGURE 2 Channel recording data at various holding potentials of full length 3a protein in potassium buffer (500 mM KCl, 5 mM HEPES, pH 7.2) (A) and calcium buffer (500 mM CaCl 2 , 5 mM HEPES, pH 7.2) (B). The protein is reconstituted in a 1 : 4 mixture of POPE and DOPC.
Assembling an Ion Channel: ORF 3a from SARS-CoVshow a rectifying behavior for both ions ( Figure 5 ). The conductance is calculated from regression analysis for K-buffer to be (13.3 6 2.1) pS and (10.3 6 1.9) pS at positive and negative voltages, respectively, and (50.7 6 7.1) and (23.3 6 3.1) pS, for positive and negative voltages, respectively, for the recordings in Ca-buffer (Table I) (Table I) . At negative voltages the values turn to (13.6 6 1.3) pS (Table I) supporting the rectifying behavior (see Figure 5) . A reversal potential of (15.0 6 2.9) mV (Table I) is calculated for K 1 , leading to a permeability P at room temperature (T 5 25 C) of P K 2 P Cl .
DISCUSSION
A common method to analyze channel forming peptides and ion channels is to reconstitute them into free standing artificial bilayers. The bilayer consists of mixtures of lipids which are indented to mimic the natural environment. 32 With the technique used in this study, it is assumed that this membrane is slightly thicker than the natural membrane due to the solvent (hexane/decane) used during the preparation of the lipids. Peptide and protein diffusivity in the membrane is dependent on the interplay between peptides/proteins and the lipid bilayer. Hydrophobic miss match, peptide/protein concentration and lipid composition affect migration, as well as translational and rotational diffusivity.
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The diffusivity of artificial peptides (e.g., WALP15 37 ) within an artificial lipid membrane is also found to be higher than for larger full length proteins (e.g., class II MHC membrane proteins 38 ). With this in mind it is anticipated that individual peptides, as used in the present study, should be able to screen the full conformational space laterally and rotationally and assemble into the "proper" form for ion conductance. Finally, the assembly process consists of a competition of even weak interhelical interactions despite any specific protein-protein binding motifs. 39, 40 In the present study the TMDs are individually tested for channel activity. With this approach, one TMD, TMD1, can be excluded from being channel active in a way. In a 1 : 1 combination of TMD1, with either TMD2 or TMD3, the combination with TMD2 silences channel activity as well. This behavior could either result from a tight binding of the two TMDs into a conformation which does not allow the TMDs to form into a pore like ensemble or altered dynamics as a dimer. In the TMD1 : TMD3 mixture, TMD3 is left in a state to exhibit membrane activity with a recording pattern that seems to be unaffected compared to the pattern found only for TMD3. This finding allows the interpretation that TMD1 and TMD3 move almost independently from each other or that in the case of interaction, a pore lining motive in TMD3 is not affected. TMD2 and TMD3 together retain channel activity similar to their individual recordings, allowing proposing, that both of them are involved in channeling ions across the membrane and could be involved in mantling the pore of the channel protein.
A similar mantling of the lumen by two TMDs is proposed for the nicotinic acetylcholine receptor (nAChR), an ion channel comprised of four TMDs, M1-M4, per subunit: Whilst M2 is found to be the pore lining segment, 41 it has been proposed that M1 is also exposed to the lumen of the pore in a gating dependent manner. 42 In a most recent computational modeling study, different routes of assembling the three TMDs into a monomer and finally into a tetrameric channel have been applied. 25 One route assembles the monomer in a sequential manner, one TMD after the other, the other route assembles them simultaneously. Four of the monomers are then aligned simultaneously to generate the channel. With the monomer being aligned in a sequential manner TMD2 points into the lumen of the putative channel. With the simultaneous alignment of the monomer a model suggesting TMD3 as the pore lining helix is obtained. Even though it is suggested that TMD2 is most likely the pore lining TMD, contribution of TMD3 in mantling the lumen cannot fully be ruled out.
In an 1 : 1 : 1 mixture channel activity seems almost restored and with no regular pattern "proper" gating seems improbable. Thus, disposing the protein of the loops, which link the TMDs, results in peptides unable to assemble into a higher order with structures similar to the full length protein.
On the reverse, the loops comprise essential constraints on the conformational space and the dynamics in transforming into a proper functioning channel protein. The finding that no mixtures, neither 1 : 1 nor 1 : 1 : 1, could generate channel like currents could be due to eventually entropic effects counteracting the "conformational search" of the helixes to form an assembly similar to the native protein. In addition, if weak interactions are responsible for helix assembly, it seems that many of the conformers are populated. Without the loops, none of them is emphatically preferred during the assembly process. Thus, the assembly can be depicted as a weakly structured "many hole golf course," following Levinthal's idea of "golf course landscape" in protein folding. 43 Studies on using peptides corresponding to TMDs of polytopic channel proteins have been reported in the literature to evaluate their functional role in the channel (see an early review 18 ). Most recently, peptides corresponding to the individual TMDs of the viral channel forming protein p7 from Hepatitis C virus have been used to assess which TMD would most likely line the lumen of the pore. 8, 9 Whilst peptides, p7 1-38 8 and p7 , including the first TMD, show distinct channel recordings, a peptide corresponding to the second TMD, p7 , has been reported to even be insoluble in solvent and could not be reconstituted into lipid bilayers. 9 With these investigations the first TMD is proposed to line the pore which is supported by computational modeling. 44 Similarly, peptide fragments corresponding to the pore lining M2 segment of the d-subunit of the nicotinic acetylcholine receptor 16 and the pore forming region of a potassium channel also express channel activity. 17 Assembly studies with more than one type of TMD have not been reported yet, to the best of our knowledge.
Full Length 3a Channel
When fully expressed, the 3a protein exhibits complex channel behavior identifying weak ion selectivity as well as various subconductance states. Assembling an Ion Channel: ORF 3a from SARS-CoV 633
Weak ion selectivity has been reported for most of the viral channel forming proteins known to date. 15, 45 This could occur due to the dynamics they undergo in the experimental set-up. Selectivity is due to the structure of the channel proteins and in the case of 3a a sequence alignment approach has identified similarities between the TMDs of 3a and those of ligand gated channels. 46 In previous experiments with 3a it has been shown that the channel is permeable for potassium ions but can be blocked by barium ions. 20 The protein has been expressed in Xenopus oocytes and monitored using two-electrode voltage clamp conditions. In this study, nonphysiological concentrations of Ca ions are used. Ca ions can have structural impact on the protein affecting possibly pore dimensions and gating kinetics, leading to the observed conductance. This finding could inflict the channel to be somehow similar to L-type channels. [47] [48] [49] L-type Ca channels also conduct monovalent ions, 50 especially if the divalent ions are not present. 48 Usually, these channels show strong inward currents and only weak outward currents. Thus, the rectification behavior found for 3a fits into the picture of being a Ca channel in as much rectification for Ca channels is explained by different binding affinities of the ion to either side of the channel. 48 Marginal Ca activity has been reported for a series of channel forming proteins reconstituted into artificial lipid membranes such as Vpu from HIV-1, 7 6K from alphavirus, 51 PB1-F2 from influenza A virus, 52 p7 from HCV 53 and 2B from Polio virus. 54 A detailed analysis of how the divalent ion alters the dynamics and kinetics of the individual proteins is still lacking. The question may arise at which particular stage of the cellular life cycle the channel is needed and why it needs to alter K gradients. Up to now, especially the role of Ca on virus development in cells is still to not yet fully explored.
CONCLUSIONS
Individual TMDs of the channel forming protein 3a show membrane activity and reconstituted in biological relevant ratios a channel like behavior is shown. Based on the membrane activity TMD2 and TMD3 could most likely face the lumen of the pore. However, to fully achieve sensible ion channel characteristics, the TMDs need to be connected by the linking amino acids. Full length protein 3a shows weak monovalent cation selectivity with evidence to allow for Ca flux under nonphysiological conditions.
